1. Introduction {#s0005}
===============

Viral diseases impose a severe burden on human health and economy. Despite recent advances in the medical and pharmacological sciences, viral infections continue to cause millions of human deaths every year, and also have a major impact on livestock and agricultural productivity. Furthermore, viral pandemics such as HIV [@b0005] pose a continuing global risk to public health. There is a constant threat of emerging viral pathogens which can cause epidemics, as exemplified by the 2015 outbreak of Zika virus (ZIKV) and its association with birth defects and neurological issues. Most recently, in late 2019, the first reports of an unknown respiratory infection emerged from Wuhan, China. The source of that infection was a novel coronavirus, related to those that had previously caused outbreaks of Severe Acute Respiratory Syndrome (SARS-CoV) and Middle East Respiratory Syndrome (MERS-CoV). Since the emergence of the illness resulting from the new SARS-CoV-2 virus, COVID-19, millions of infections and hundreds of thousands of deaths have been reported worldwide [@b0010]. Both viruses led the World Health Organization (WHO) to declare a Public Health Emergency of International Concern.

Flaviviruses are typically transmitted by mosquitoes or ticks, and encompass around 50 known pathogens that cause human disease. Dengue (DENV) is the archetypal member, infecting up to \~400 million people per year worldwide [@b0015]. All flaviviruses adopt a similar structure, composed of only three structural proteins, namely the envelope (E) and membrane (M) proteins -- embedded within a lipid bilayer vesicle and arranged in an icosahedral fashion -- and the capsid (C) proteins, which form a complex with the single-stranded, positive-sense RNA genome inside the virion core. 180 copies of the E and M proteins are arranged with icosahedral symmetry on the surface of the virion particle [@b0020]. In the mature particle, these are found as three sets of parallel dimers or "rafts" which are arranged in a herringbone-like pattern. The E protein is exposed on the virion surface, and is responsible both for binding to cell receptors during infection, as well as fusion with endosomal membranes inside the cell, enabling genome release [@b0025].

The discovery of new antiviral drugs is hampered by numerous challenges including the integration of the viral life cycle with that of the host, potential development of resistance, and the ongoing threat of newly arising pandemics. Vaccination is a potentially effective strategy to combat viral disease, but can be complicated by pathogen-specific factors such as antibody-dependent enhancement (ADE) [@b0030] in which non-neutralizing antibodies actually facilitate viral infectivity. This is a particularly relevant issue for DENV, which exists as four distinct serotypes, and a recently available vaccine has been reported to worsen the outcome of patients who have not previously been infected [@b0035]. To counter the challenges in viral disease therapy, research efforts continue to focus on better understanding the molecular mechanisms associated with infection. These have been facilitated by advances in structural biology, including the ever increasing resolutions attainable by cryo-electron microscopy (cryo-EM) [@b0040] for whole virion particles, particularly when resultant density maps are combined judiciously with available X-ray crystallographic or solution NMR structures of individual viral proteins. Furthermore, the molecular dynamics (MD) simulation technique has now come of age. With the ever increasing computational power available and specialized hardware, along with appropriate multiscale approaches that enable accurate but coarse-grained (CG) representations of systems or components thereof, it is now possible to simulate entire viruses, and to use such simulations to refine integrative models incorporating experimental data [@b0045].

As described in the following sections, such computational models have enabled the description of the conformational dynamics of flaviviruses during progression along their life cycle in unparalleled detail, as well as furthering our understanding of their interactions with host components such as antibodies. In addition, the architecture of the flavivirus nucleocapsid complex containing the RNA genome is not well understood, because it appears not to be organized in a clear geometric pattern amenable to cryo-EM, and because a significant component of the C protein is intrinsically disordered and hence challenging to study via traditional approaches, depending on conditions and maturation state [@b0050]. Thus, we also describe our recent efforts to integrate biophysical experiments with simulation to characterize the C protein conformational ensemble, and to use high-throughput sequencing (HTS) with chemical modification techniques in combination with modelling to predict genomic RNA structures.

2. Life cycle of flaviviruses and gaps in our knowledge {#s0010}
=======================================================

Flavivirus infection is triggered through receptor mediated endocytosis, when the virus is internalized inside an endosome. The acidic endosomal pH triggers the E proteins to undergo a major structural rearrangement and a dimer-to-trimer transition. Through this process, hydrophobic fusion peptides (FPs), which are positioned at the tip of each trimeric E protein "spike", become exposed. This allows them to interact with the endosomal membrane, leading to its fusion with the viral envelope [@b0055]. We and others have reported efforts to model the flavivirus lipid bilayer, and in particular, we describe in subsequent sections protocols to model the entire envelope particle in accordance with cryo-EM data, and to leverage such models to understand different stages of the viral life cycle.

Once the capsid and RNA genome are released into the cell, this leads to polyprotein translation and viral replication [@b0020], [@b0060], [@b0065]. Subsequently, the assembly of the nascent immature dengue virus (immDENV) proceeds via budding of its components into the endoplasmic reticulum (ER). The immDENV is rendered non-infectious due to the complex formed between the prM (precursor of membrane) protein with the E protein in the viral membrane. The immDENV envelope is composed of 60 trimeric spikes, in which each monomer consists of an E:prM complex [@b0070], [@b0075].Under the low pH conditions in the *trans*-Golgi network (TGN), the maturation process is triggered, involving cleavage by furin protease of pr fragments to form the mature M proteins, and a large-scale icosahedral DENV surface rearrangement with a trimer-to-dimer transition of the E proteins. Nevertheless, the low pH prevents the dissociation of pr molecules from dissociating from the E protein [@b0075], [@b0080]. This serves to prevent the virus particle from fusing within the cell prior to release, as the E protein FP regions are "capped" by the pr fragments.

Upon release of the virus from the cell, the neutral pH of the extracellular environment causes dissociation of pr molecules, thus completing the maturation process. Maturation is inefficient and a substantial number of DENV particles released from the cell are either partially mature or immature [@b0085]. However, when they are complexed with specific antibodies, this can lead to ADE, rendering them infectious by facilitating the endosomal internalization of the immDENV:antibody complex. In this context, although furin can cleave the pr:M complex from the antibody-bound virion inside the endosome [@b0090], it has remained unclear how pr dissociates in the acidic pH environment. Thus, we also describe below our recent use of simulations of the immature viral envelope in combination with cryo-EM, co-flotation assays, and hydrogen deuterium exchange mass spectrometry (HDX-MS) to rationalize an example of ADE at the molecular level.

It is also emerging that flaviviruses undergo major structural and dynamic changes outside of the cell, in response to different environmental triggers. In particular, the envelope is modulated when exposed to higher temperatures that may be associated with fever. Such viral conformational dynamics have been referred to as "breathing" [@b0095], [@b0100], [@b0105], [@b0110]. The most prominent temperature-mediated transitions have been observed in specific strains of DENV2. The virus envelope has been observed to expand and become "bumpy" at 37 °C, in contrast to 28 °C where it exhibits a "smooth" envelope surface [@b0095], [@b0115], [@b0120]. Although the existence of such variable morphologies may not be correlated with infectivity [@b0115], they likely have important consequences for antibody binding and neutralization, and represent a challenge for therapeutics development. Interestingly, flavivirus "breathing" was initially thought to be irreversible, but as described below, a combination of multiscale modelling, cryo-EM, single-molecule fluorescence, and HDX-MS has enabled us to observe the process of viral expansion in atomic detail, and to elucidate the mechanism by which divalent cations enable the virion to reverse this process [@b0125].

In the following, we summarize computational and integrative modelling methods, guided by biophysical data, that have yielded molecular insights into the "ins" and "outs" of enveloped flaviviruses. In [Section 3](#s0015){ref-type="sec"}, we begin by highlighting areas of ongoing interest in the context of viral envelope dynamics, which have been tackled recently using a combination of multiscale simulation and experiment. We then go on to detail efforts to characterize the virion's nucleocapsid cargo via simulation ([Section 4](#s0055){ref-type="sec"}) and RNA sequencing-guided modelling ([Section 5](#s0060){ref-type="sec"}), before reflecting upon where future efforts may lie in better understanding enveloped viruses ([Section 6](#s0080){ref-type="sec"}).

3. Methods to study the structure and dynamics of flavivirus envelopes {#s0015}
======================================================================

3.1. Simulations of flavivirus systems {#s0020}
--------------------------------------

Numerous all-atom and CG simulations of the flavivirus envelope have been reported. For example, several all-atom simulation studies investigated viral envelope conformational changes occurring upon exposure to low pH, both during the fusion and maturation processes [@b0130], [@b0135], [@b0140], [@b0145], [@b0150], [@b0155], [@b0160], [@b0165], [@b0170]. The capacity for individual E/M proteins or their complexes to initiate membrane fusion [@b0175], [@b0180], [@b0185], [@b0190], [@b0195], [@b0200] and host membrane bending [@b0205] has also been extensively studied via simulation. Nevertheless, it is important to consider the dynamics of the \~50 nm diameter flavivirus envelope in its entirety [@b0210], [@b0215]. The sheer size of the virus particle, comprising 180 monomeric E/M proteins, represents a significant computational cost in attempting to simulate relevant timescales [@b0210], leading to the frequent use of the well-established Martini CG force field, in which four heavy atoms map to approximately one CG particle [@b0220], [@b0225], [@b0230], [@b0235]. Furthermore, the flavivirus shell poses additional challenges as a result of the need to model a lipid membrane in which the viral proteins are embedded. In the following sections, we summarize key steps required in our protocol [@b0235] for generating a complete flavivirus envelope model, for multiscale refinement of its structure in direct accordance with cryo-EM data, which may subsequently be leveraged to explore conformational dynamics associated with the viral life cycle.

3.2. CG representation of flavivirus proteins {#s0025}
---------------------------------------------

Particle types are approximately transferable across systems in the Martini force field as a result of their being parameterized according to partitioning free energies [@b0240], [@b0245]. On the other hand, several approaches are possible for the treatment of protein conformation, including application of an elastic network model [@b0250] (ENM) between backbone beads, on top of secondary structure dependent dihedrals, to preserve higher order structure. Our experience suggests that this tends to be system specific, and calibration against all-atom reference simulations is desirable. Thus, we first simulated the solvated DENV dimeric E protein ectodomain in atomic resolution for several hundred nanoseconds, and generated equivalent CG trajectories [@b0235] ([Fig. 1](#f0005){ref-type="fig"} A). Default Martini parameters along with a range of ENMs were tested, validated by comparing protein conformational properties from all-atom and CG simulations, including backbone root mean square deviations (RMSDs) with respect to the X-ray structure, protein radius of gyration, and pairwise residue contact maps. An ENM with non-standard cut-off distances and force constants were ultimately required to accurately describe the E protein conformational dynamics [@b0235].Fig. 1**Multiscale protocol for modelling flavivirus envelope particle and simulation-based refinement against cryo-EM data. (A)** Multiscale representation of dengue virus envelope complex. Protein is shown in surface format (bottom), while the zoomed snapshot (top) shows an E protein dimer in all-atom and CG resolution. Proteins are colored according to their radial distance from the virus center of mass. Lipids are colored in orange. **(B)** Schematic of the step-by-step protocol for embedding viral proteins in a lipid vesicle. **(C)** Alignment of MD simulation-averaged (blue) and experimental (orange/green) electron density maps.

3.3. Constructing the flavivirus vesicle {#s0030}
----------------------------------------

The viral lipid bilayer vesicle was subsequently constructed using the CHARMM-GUI [@b0255] Martini-builder, with a diameter chosen in accordance with estimates from cryo-EM density maps. The DENV2 membrane composition included palmitoyl-oleoyl phosphatidylcholine (PC), palmitoyl-oleoyl phosphatidylethanolamine (PE), and palmitoyl-oleoyl phosphatidylserine (PS) in a 6:3:1 ratio, as guided by lipidomics data measured for C6/36 mosquito cells [@b0260]. The complete protein coordinates of 180 E/M proteins representing the entire virion envelope, obtained from the cryo-EM structure, were next converted to CG representation. These were then directly overlaid with the lipid vesicle, and overlapping lipids deleted ([Fig. 1](#f0005){ref-type="fig"}B). To facilitate insertion whilst reducing steric clashes, we employed a "shrinking" strategy for the lipids. This was performed for the coordinates of lipid tails by scaling their atomic positions onto the lipid tail centres of mass in a plane perpendicular to the tail principle axes [@b0235]. This step did not involve any simulation, but was followed by multiple sets of energy minimization whilst "freezing" the coordinates of the protein backbone; this may be performed several times in an iterative manner to obtain a stable starting model of the lipid/protein envelope complex. This may subsequently be solvated (in a sensibly chosen simulation unit cell, e.g. dodecahedron or truncated octahedron), with energy minimization and protein-restrained equilibrations in the NVT ensemble to relax the system. We would advise that a short equilibration simulation time step (e.g. \~2 fs) be chosen initially, which can be gradually increased in progressive \~100,000-step equilibration runs. Finally, this may then be followed by NPT ensemble equilibration and unrestrained production runs.

3.4. CG simulation refinement of flavivirus envelope against cryo-EM data {#s0035}
-------------------------------------------------------------------------

The MDanalysis [@b0265] or GROmaρs [@b0270] tools may be used to extract a grid-based theoretical density map from a single simulation frame, or from numerous averaged frames extracted from progressive equilibration or production runs. Both protein and lipid should be included for density map calculations, and it is recommended to use a voxel grid-spacing close to the resolution of the cryo-EM map of interest. The Chimera [@b0275] visualization and analysis tool (<https://www.cgl.ucsf.edu/chimera/>) enables map-in-map fitting of the theoretical MD generated and experimental density maps. This is performed via local optimization using steepest ascent to maximize the overlap or correlation between two sets of map grid points. The correlation between two maps corresponds to the mean cosine similarity across voxels, and varies from −1 to 1. In our case the correlation reached \~0.75--0.8 during the simulations of the DENV particle, dependent upon precise system conditions ([Fig. 1](#f0005){ref-type="fig"}C) [@b0235].

3.5. Mapping conformational changes associated with virion "breathing" {#s0040}
----------------------------------------------------------------------

Due to the low resolution of the cryo-EM map obtained for the "bumpy" expanded state of DENV, the membrane-embedded components of the proteins (namely, E protein transmembrane helices and entire M proteins) could not be resolved. To elucidate the complete expanded virus structure and to explore the "breathing" pathway, a targeted MD (TMD) [@b0280], [@b0285] approach was taken to trigger the transition, using our refined structure of the smooth DENV virion as a starting point ([Fig. 2](#f0010){ref-type="fig"} ). TMD is currently available in Gromacs [@b0290] when used in combination with PLUMED [@b0295], as well as in NAMD [@b0300], and employs a time dependent harmonic potential in which the difference in RMSD between the initial first-step and final-step target structures evolves linearly over a specified simulation timescale. Over the TMD simulation, the force on each atom is given by the gradient of the potential:$$U_{\mathit{TMD}} = \frac{k}{2}\left( {RMSD\left( t \right) - \mathit{RMSD}^{\ast}\left( t \right)} \right)^{2}$$where $RMSD\left( t \right)$ is the instantaneous RMSD value measured between the current and target coordinates, $\mathit{RMSD}^{\ast}\left( t \right)$ evolves linearly from the first to the final step, and $k$ is the associated force constant.Fig. 2**Multiscale simulation approach to study DENV "breathing".** On the left, the application of TMD in CG resolution is illustrated for the transition between the smooth DENV2 (typical of lower temperatures as found in mosquitos) and expanded DENV2 (typical of higher temperatures as found in the human host). The envelope is shown in surface representation, with lipids in grey, and proteins in yellow, red, or blue for the 2-, 3- and 5-fold vertices, respectively. On the right, an atomistic representation for an isolated E protein pentamer is shown, following-back mapping from the CG expanded virion structure. Protein is shown as blue cartoon, with lipids (PC:PE:PS in a 6:3:1 ratio) in CPK lines format.

The force constant used in the initial TMD simulations for triggering DENV "breathing" were 1,000 kcal mol^−1^ Å^−2^ applied to the E protein backbone beads; this was sufficiently strong that the structure follows the centre of the harmonic spring closely, but not weak enough to avoid introducing numerical instabilities. Following an initial 100 ns of TMD simulation, the E protein coordinates of the entire virion typically reached \~0.4--0.6 nm RMSD with respect to the target, expanded virus structure. To further refine the structure, it is advised to run additional, shorter follow-up TMD simulations with \~3--5 times increased force constant. Thus, an additional 10 ns simulation with a force constant of 4,000 kcal mol^−1^ Å^−2^ yielded a virion structure within \~ 0.1 nm RMSD with respect to the expanded experimental structure. The TMD simulations revealed the gradual opening of protrusions at the 3- and 5-fold vertices on the icosahedral surface of the virus, consistent with cryo-EM images [@b0115].

3.6. Identification of ion-binding sites that govern DENV "breathing" reversibility {#s0045}
-----------------------------------------------------------------------------------

Fluorescence and HDX-MS data suggested an influence of divalent magnesium or calcium cations upon the reversibility of DENV expansion, upon lowering the temperature from 37 °C back to 28 °C, [@b0125] and localized the effect as occurring at peptide segments around the virion 5-fold vertices. In order to investigate the molecular basis for this, we "back-mapped" our expanded CG DENV envelope model to all-atom representation. To do this, geometric projection/reconstruction was performed using a library of mapping definitions (available at <http://cgmartini.nl/index.php/tools2/resolution-transformation>), followed by several all-atom simulation relaxations [@b0305]. From the back-mapped, relaxed virion structure, we extracted an E protein pentamer and its associated M proteins arranged around a 5-fold vertex. This was performed to reduce the system size in all-atom representation. The virus membrane was approximated as a flat lipid bilayer. This was built using CHARMM-GUI [@b0310], [@b0315] and corresponded to a biologically relevant membrane composition, similarly to the preceding whole virion model, of a PC/PE/PS mixture in a \~6:3:1 ratio [@b0260]. Subsequently, we embedded the pentamer with its transmembrane (TM) regions inserted into the membrane, and removed clashing lipids within \~0.3 nm of protein atoms. The system was then minimized in vacuum and solvated. In order to retain the higher order pentameric "expanded" structure, with its ectodomain positioned above the membrane according to cryo-EM data, we applied position restraints with a low force constant to the protein Cα atoms [@b0125] during simulations totalling 200 ns. Atomistic simulations revealed that the emergent spaces at the 5-fold vertices are accessible to water and salt, and that divalent cations can ''soak'' the protein 5-fold interface and competitively interact with acidic residues to break inter-chain salt bridges. This is expected to reduce the stability of the expanded state, enabling reversible contraction of the virion to its smooth form at low temperatures [@b0095], [@b0115], [@b0120].

More recently, a combination of atomic-resolution simulations and cryo-EM revealed how point mutations at the dimeric E protein interface modulate the threshold for virion "breathing", which is proposed to be a mechanism by which DENV adapts to its host environment to evade antibody recognition [@b0320].

3.7. Integrative modelling of DENV maturation and ADE {#s0050}
-----------------------------------------------------

ADE can result from the recognition of prM proteins by non-neutralizing antibodies on the surface of immDENV particles, facilitating virion endocytosis. However, following cleavage by furin of the pr:M complexes inside the endosome, it is unclear how pr dissociates in the acidic pH environment, such that the E protein FP is exposed and the virus can infect the cell. To investigate this further, low resolution (\~12--25 Å) cryo-EM structural intermediates along the maturation pathway were solved of such an immDENV:antibody complex [@b0325]. To improve the resolution and to resolve TM regions, a higher-resolution structure (of a fully immature virion, PDB: 4B03) [@b0330] was overlaid onto the fully immature virion solved at pH = 8, via superimposition onto each of the individual 180 E protein ectodomains, using PyMOL [@b0335]. Subsequently, a similar procedure to that described in [Section 3.3](#s0030){ref-type="sec"} was used to generate equilibrated CG models for the proteins of the immature virion particle embedded within an explicit lipid bilayer envelope; the resulting theoretical density maps overlapped well with the equivalent experimental ones, reproducing the spherical membrane vesicle ([Fig. 3](#f0015){ref-type="fig"} A).Fig. 3**Integrative modelling of maturation and ADE. (A)** Cross-sections of the cryo-EM map of the immDENV:pr:Fab complex at pH 5.0 (shown in blue, top), the MD simulation generated density map of the immDENV:pr complex (shown in red, middle), and an alignment of both (bottom). Fab molecules were not present during simulations, hence the different appearance of the theoretical versus experimental maps in the outer part of the virion (bottom). **(B)** The initial (left) and final (right) frames of TMD simulations to sample the transition pathway during maturation. **(C)** Representative snapshots during a TMD simulation transitioning between experimental states (immDENV:pr at pH 8.0 and 5.0), during which a pr fragment is spontaneously dislodged. In the target experimental structure (bottom right) the pr molecule on the pentamer (red) was not resolved. In (B) and (C), proteins are shown in surface representation (the elongated structures are E proteins, whilst the smaller, compact structures are the pr fragments, shown in orange), coloured according to the symmetry axis for red (pentamer), blue (trimer), and green (dimer) molecules, and lipids are shown in grey.

The equilibrated model of the immDENV:pr (pH = 8) complex was subsequently used as a starting point for TMD simulations, to explore the molecular pathway towards the intermediate-mature structure solved at pH = 5 ([Fig. 3](#f0015){ref-type="fig"}B). The initial RMSD between the ectodomain backbone in the initial versus target structures was \~5 nm. Initially, all E protein chains were simultaneously biased towards the target structure, but this led to significant clashes between E protein trimers (blue) and pentamers (red) ([Fig. 3](#f0015){ref-type="fig"}B). Thus, we instead applied a sequential series of biases to the E proteins; this involved first biasing all chains between RMSD values from 5 to 3.5 nm along the pathway, followed by a bias of the blue and green chains only between RMSD values from \~3.5 to 2.5 nm, and finally a bias of all chains from \~2.5 nm RMSD until the end of the simulation ([Fig. 3](#f0015){ref-type="fig"}C). These simulations revealed that the neighbouring blue E protein molecule was approached by the pr:red-E protein complexes, dislodging the pr molecule from the 5-fold symmetry axes; based on additional modelling studies, this was predicted to be accelerated in the presence of bound antibodies due to clashes between Fab domains. This extent of pr binding site occlusion on the red E protein was not observed for the blue or green molecules ([Fig. 3](#f0015){ref-type="fig"}C). Similar conclusions were drawn when running TMD simulations in which biases were instead applied independent either to red (5-fold), blue (3-fold), or green (2-fold) E protein molecules alone. These results matched nicely with cryo-EM data, and combined with co-floatation assays and HDX-MS measurements, this study indicates that pr:Fab complexes dissociate as a complex from DENV E proteins due to steric clashes, thereby facilitating maturation and infectivity [@b0325].

It should be noted that whilst the predictions regarding conformational pathways in breathing or maturation are likely to be accurate, not least because of the incorporation of multiple experimental intermediate "snapshots" which help to validate the structural transitions, the kinetics of these processes are more difficult to accurately characterize. In part, this is because of the TMD approach, in which the specified timescale during the linear evolution of the structure as well as associated biasing force constant will largely determine the rate of change along the pathway of interest. On top of this, the nature of the CG methodology means that timescales should be treated with great care. Like other CG forcefields, Martini simplifies the energy landscape, speeding up sampling rates, but this speed-up is not easily predictable and is unlikely to be consistent across different degrees of freedom, or different types of molecules [@b0340]. From the experimental perspective, the rates of whole-virion conformational changes are similarly not well established, though single-molecule approaches are beginning to help measure such phenomena [@b0215].

4. Simulations and integrative modelling of the flavivirus C protein {#s0055}
====================================================================

The flavivirus C protein is a small but multifunctional protein. A large part of its multifunctionality is derived from the intrinsically disordered regions (IDRs) at the N-terminus of the protein. Due to the flexible nature of the N-terminal IDRs, the structure and dynamics of these regions have remained undefined: X-ray crystallographic and NMR structures of flavivirus C proteins either solve the structure without the N-terminal tails or are unable to resolve the atoms in the region [@b0345], [@b0350], [@b0355]. However it remains an important task to characterise and understand the dynamics of these IDRs, and indeed, intrinsically disordered proteins (IDPs) are abundantly found in nature [@b0360], [@b0365].

Using MD simulations in conjunction with biophysical experiments, the dynamics of these IDRs can be better understood at atomic resolution. In recent years, the need for accurate treatment of IDRs in simulations have seen a rise in IDP-specific parameterised force fields [@b0370], [@b0375], [@b0380], [@b0385]. We recently showed that certain force fields are more suited to the DENV C protein than others [@b0390]. Small angle X-ray scattering (SAXS) provides low resolution information on the shape of proteins in solution and is suited to IDPs due to their fuzzy and dynamic nature [@b0395]. Selecting conformations from a simulation has the benefit of selecting structures that have been relaxed and equilibrated and are closer to the experimental conditions. This is as opposed to selecting conformations from a random pool of conformations for the IDRs derived from X-ray structures or NMR structures that may have unresolved clashes or are in non-aqueous conformations. Using an ensemble of conformations derived from MD simulations, we were able to fit the SAXS data better than using a randomly generated pool [@b0390]. The SAXS data was used to validate the most representative ensemble of conformations from the different force fields by fitting a pool of structures derived from the simulations, and selected via a genetic algorithm that minimises the chi-squared value. The force field with the smallest chi-squared value was the IDP-parameterized force field, amber03ws. The resultant conformations that best fit the SAXS data showed that the alpha 1 helices towards the N-terminus of the protein may come together in a clamp-like motion to occlude a hydrophobic patch at the core of the DENV C protein. This is a refinement of the previously solved NMR structure, and may be a better representation of the protein in an aqueous environment.

HDX-MS may also be useful to elucidate the dynamics of IDRs. The protein is incubated in the presence of deuterated water and then the reaction is quenched. During the time of incubation in the presence of deuterium, the backbone amide hydrogens exchange with the deuterium, and this change in mass can be detected through mass-spectrometry. IDPs and IDRs show greater exchange of their backbone amide hydrogens with deuterium than do proteins regions that are structured. The correlation of backbone hydrogen bond formation or solvent accessibility with amide backbone deuteriation may also be used to validate the ensemble of structures derived from different forcefields [@b0390]. Again, trajectories based on the amber03ws force field exhibited the highest correlations for both backbone hydrogen bond formation and solvent accessibility with experimentally measured amide backbone deuteriation, thus validating our calculated ensemble of C protein conformations.

5. Methods for RNA genome structure determination {#s0060}
=================================================

Inherent structural complexity and variability of viral genomic material make it an elusive target for common structural biology techniques. While it is possible to study genomic structures of simple viruses with cryo-EM [@b0400], [@b0405], [@b0410], [@b0415]. more complex viral systems such as flaviviruses remain a challenge [@b0420], [@b0425], [@b0430], [@b0435], [@b0440]. Determining the structure and organization of viral genomes is crucial for understanding the function of this core component of viruses at the molecular level [@b0445], [@b0450], [@b0455], [@b0460], [@b0465], [@b0470], [@b0475], [@b0480]. In the face of challenges to classic structural biology techniques, a new set of methods is called for to investigate this key area of viral biology. Recent advances in genome sequencing have allowed us to leverage structural probing techniques that were previously confined to small RNA systems on the whole genome level, particularly for viral genomes [@b0445], [@b0470], [@b0485], [@b0490], [@b0495], [@b0500], [@b0505], [@b0510], [@b0515]. Combining information obtained through structural probing and cross-linking experiments with computational modelling techniques allows us to gain insights into genome-level interactions between different loci that are of functional importance for the virus [@b0475]. Structural probing can be performed at distinct phases within the viral life cycle, e.g. at a virion stage or within infected cells, and hence a time-resolved picture of genomic organization can be obtained. This allows us to identify key structural features at the stages of translation, replication, or packaging, as recently demonstrated for the \~11 kb RNA genome of DENV and ZIKV, potentially opening up novel therapeutic strategies targeting flaviviruses [@b0475] ([Fig. 4](#f0020){ref-type="fig"} ).Fig. 4**Experimental sources of data to augment RNA structure prediction.** The search space for the prediction of long RNA molecules is too large to obtain accurate predictions of structure using computational techniques alone. Incorporation of experimental data can increase the prediction accuracy dramatically. SHAPE data provides information on local structure by assessing the differential reactivity of the 2′-hydroxyl group in flexible versus constrained bases. SPLASH and other cross-linking techniques can provide information on the macro-organization of RNA by forming chimeric reads. Footprinting techniques can identify regions of RNA interacting with proteins by observing an increased resistance to digestion that correlate with increasing protein concentrations.

5.1. Structure prediction and modelling {#s0065}
---------------------------------------

RNA is capable of adopting a wide range of different structures that serve a regulatory or catalytic [@b0520] purpose including translation, splicing decay, and RNA transport [@b0525]. As such, studying how RNAs fold and their energetic landscapes is important for understanding gene regulation [@b0530]. The problem of predicting RNA secondary structure from sequence is challenging as a large search space of possible base pairs needs to be traversed and the energetics assessed with high accuracy. A variety of tools exist that allow the prediction of likely RNA secondary structure based on folding free energy estimates and capable of including chemical reactivity information [@b0535], [@b0540], [@b0545], [@b0550]. Generally, these approaches use energetic terms for base pairing and stacking interactions. The challenge for predicting the structure of long RNAs increases exponentially as the search space increases and hence accuracy of prediction for long RNAs without the inclusion of additional experimental information is limited [@b0500]. A common strategy to mitigate this effect is to limit the maximum distance between paired bases to a few hundred nucleotides, thus reducing the search space considerably. The trade-off involved in this approach results in more accurate predictions of local secondary structure at the cost of neglecting longer-range interactions that are responsible for the macro-scale organization of RNA molecules. Unfortunately, it is evident from studies into viral systems that such long-range interactions are often key functional elements, as is highlighted e.g. by the Flavivirus 5′-3′ circularization motifs that span the length of the entire genome [@b0555]. At present, only a combination of different methods is able to capture long-range and short-range interactions with high accuracy [@b0475], [@b0560], [@b0565].

While it has been shown that de-novo prediction of RNA structures from sequences alone is unreliable for larger RNAs [@b0570], [@b0575], this problem can be overcome to some degree by including experimental information on secondary structure in the modelling process [@b0500]. Selective 2′-hydroxyl acylation analysed by primer extension (SHAPE) is an established protocol yielding such secondary structure information for all of the four bases (A, U, C, G) [@b0580]. The concept underlying SHAPE probing is that local RNA structure, especially the difference between flexible and physically constrained bases, affects the reactivity of the 2′-hydroxyl group of constituent nucleotides. Flexible bases are able to orientate themselves to react with SHAPE chemicals to result in acylation at the 2′-hydroxyl of the RNA. Hence, local secondary structure can be read by observing the degree of 2′-hydroxyl acylation at a specific position. The readout can be performed on a full genome level, as 2′-hydoxyl modified nucleotides tend to induce skips with a significantly increased likelihood of reverse transcription over unmodified nucleotides [@b0495], [@b0500]. By sequencing a reverse-transcribed library of chemically modified RNA, an increase in mutations at modified positions can be observed. From this data, local secondary structure can be inferred by comparing the local mutation rate to the mutation rate of a mock (usually DMSO) modified sample. The modification ratio thus obtained can be used as a probabilistic penalty term in secondary structure prediction [@b0500], [@b0505], [@b0590]. It should be noted that whereas structuredness precludes high reactivity signals at a specific position, low reactivity signals are still more likely to occur even at an open or flexible region [@b0590]. In addition, low reactivity signals could also be protein-interacting sites, whereby the protein binding protects the region from interacting with SHAPE compounds. However, in general, reactivity can be translated into an odds ratio [@b0590] that contributes significantly to the prediction accuracy of RNA secondary structure. Whereas naïve prediction accuracy for the 16S subunit of the *E. coli* ribosome reaches around 45% of base pairs and helices, including SHAPE data allows an increase in accuracy to well over 90% [@b0500]. This technique has been successfully applied to probe the genomic structure of a range of viral systems, e.g. HIV [@b0490], [@b0505], [@b0585] or flaviviruses [@b0475], [@b0560], [@b0595].

Whereas SHAPE-MaP data is able to improve the prediction accuracy of local secondary structure significantly, there remains a level of structural uncertainty related to the macro-organization of genomic RNAs. Ensembles generated with common structure prediction tools yield a diversity of macro-patterns. Chemical cross-linking information is invaluable to narrow down the space of these patterns to fewer possibilities by providing pair-wise RNA interaction information [@b0475]. Several methods for cross-linking based structure probing exist, mainly based on psoralen intercalation into helical segments and subsequent UV-based covalent cross-linking [@b0445], [@b0560], [@b0565], [@b0595], [@b0600]. One way of enriching for the cross-linked RNA interactions is to utilize a biotinylated version of psoralen, which allows the selective extraction of cross-linked segments using streptavidin beads. Subsequent proximity ligation steps followed by PCR amplification and deep sequencing produces chimeric reads that reveal intra-genomic structures at various distances. Moreover, if conducted in the presence of host RNA, virus-host RNA-RNA interactions can be captured as well. Interestingly, a significant number of positions tend to form multiple interactions that are mutually exclusive, indicating the presence of either structural heterogeneity in the virus population, or constant fluctuations in virus structures [@b0475]. Observing mutually exclusive interactions in the full ensemble is to be expected if structural heterogeneity in the underlying population exists, i.e. if there is more than one way that the genome can be arranged within the mature virions (or in infected cells for that matter). Unfortunately, to date, we have been technically unable to conduct an experiment on a single virion, which would answer this question. In case the observed ensemble is the result of in-virion dynamics, time averaging during the experiment may still reveal competing positions. If structural heterogeneity exists only across virions with a specific frozen state in each individual virion, the single-virion experiment would not show any competing positions, but a subset of the full ensemble. Combining ensembles of structures that have been predicted with high local accuracy using SHAPE-constrained modelling with information about the macro-organization obtained through cross-linking experiments allows for a high-confidence selection of plausible RNA structures from the local to global scale of organization.

5.2. Integrative modelling of RNA and RNA-capsid interactions {#s0070}
-------------------------------------------------------------

RNA molecules do not exist in isolation inside cells or even inside virion particles, and can closely interact with proteins, e.g. in viral capsids or the ribosome. Such RNA-protein interactions have the potential to materially affect the structure of RNA, but are currently impossible to account for in free-energy-based structure prediction algorithms. The integrative modelling of RNA and protein-RNA interactions in the context of the whole viral nucleocapsid is still a new and challenging field [@b0225]. Due to the flexible nature of RNA and the range of secondary and tertiary structures that RNAs can adopt, modelling the RNA genome is a non-trivial problem at the atomistic and even CG level. There have been recent efforts to develop tools to model the 3D structure of RNA and these methods range from atomistic representations, CG representations, and graph representations of RNA (i.e. helices as edges and loops as vertices); these have been reviewed extensively elsewhere [@b0605], [@b0610].

There are also currently a few methods that can model the interactions of large RNAs and multiple proteins [@b0615], [@b0620]. Two such methods are the integrative modelling platform (IMP) [@b0625], [@b0630], which allows the definition of proteins and RNA as large beads whose spatial arrangement can be subjected to minimization to satisfy user-defined restraints, and PyRy3D (<http://genesilico.pl/pyry3d/>), which also employs an integrative modelling approach. These restraints can come from knowledge of protein-binding regions along the viral genome, length, size, base-pairing, long-range interactions, electrostatic interactions between the capsid and viral genome, and volume restraints of the viral particle.

5.3. Verification of RNA structure {#s0075}
----------------------------------

Thorough verification of identified structural motifs is a crucial part of structural genomics research. Beyond the identification of structural peculiarities, identifying functional structures is a key goal. Functional structures, either existing within viral genomes or formed via virus-host RNA interactions in infected cells may offer targets for therapeutic intervention. A key method to validate structural motifs arises from investigating the evolutionary history of a particular virus [@b0635], [@b0640]. By identifying covarying bases in the genetic history of a virus, evolutionarily conserved structural motifs can be identified [@b0635], [@b0640], [@b0645]. A prerequisite for such an analysis is the availability of a large number of viral sequences, ideally spanning as diverse a number of time points and geographies as possible. Such a wealth of sequence information is usually only available for well-studied systems, e.g. HIV, Influenza, or DENV. Emerging threats such as the 2016 Zika pandemic virus prove more difficult to investigate by reference to the historical genetic record. While there is a large number of full-genome sequences available for Zika viruses, most of these samples focus on the 2016 South American outbreak and exhibit only a limited amount of genetic diversity, making the identification of covariation for structure validation challenging. In contrast, analysing dengue viruses that have been subjected to much more intense surveillance over time and geographic regions allowed us to validate predicted structural motifs with high confidence [@b0475].

Ultimately, verifying the functional significance of structural motifs relies on the ability to create viruses with mutations that disrupt the structures of interest and subsequently measuring the functional impact of these modifications via fitness assays in cells or in animals. This poses a particular challenge when the motifs are present in coding regions, as opposed to untranslated regions, as possible modifications are constrained by a number of factors such as the need to preserve protein sequences through synonymous mutations and the need to avoid rare codons that would impact translation efficiency independently of any structural effects at the genome level. Moreover, the ability to design compensatory mutations is heavily constrained in coding regions due to the same factors and the need for both modifications to align.

6. Conclusions {#s0080}
==============

Viruses have complex life cycles which are dependent upon interactions with a variety of host factors and are constantly adapting, making therapeutics development challenging. Continuing increases in computational power, widespread use of multiscale approaches, and growing efforts to integrate diverse structural, biophysical, and HTS data into theoretical models have made possible the accurate description of entire virus particles, including component protein, lipid, and nucleic acid material. As outlined here for flaviviruses, this is enabling us to refine envelope structure, predict its dynamic interplay with environmental and immunological triggers, elucidate capsid conformational ensembles, and map genomic architecture. Similar approaches are now being applied to the emerging virus SARS-CoV-2 that is responsible for the COVID-19 pandemic, and indeed, numerous coronavirus structures of the trimeric pre-fusion glycoprotein spike responsible for infection have been published [@b0650]. In the years to come, this will provide promising routes to novel antiviral and vaccine design strategies.
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